Studies of Native South American genetic diversity have helped to shed light on the peopling and differentiation of the continent, but available data are sparse for the major ecogeographic domains. These include the Pacific Coast, a potential early migration route; the Andes, home to the most expansive complex societies and to one of the most spoken indigenous language families of the continent (Quechua); and Amazonia, with its understudied population structure and rich cultural diversity. Here we explore the genetic structure of 177 individuals from these three domains, genotyped with the Affymetrix Human Origins array. We infer multiple sources 
INTRODUCTION
The genetic diversity of the Americas has long been underestimated due to the paucity of population samples analyzed with high resolution markers. Over the past two decades, population studies have focused on uniparental markers, predominantly typed at low resolution (reviewed in 1 ). Recent studies are increasing the coverage of the continent with high resolution genomic data from ancient remains and living populations. The results confirm previous finding at a continental scale, such as a post-Last Glacial Maximum entry of a small founding population, a major migration ancestral to all living Native American groups from North to South America [2] [3] [4] [5] [6] , with further layers of population structure and admixture suggested by the analysis of ancient DNA. These demographic dynamics include an early diverging branch reconstructed for ancient North American sites 7 , which did not reach South America 8 , and an enigmatic signal of Australasian ancestry recovered only in some populations of South America 9, 10 . The early population differentiation experienced after the initial entry in the continent resulted in different ancestries, such as the "Mixe" 10 or the "ancient Californian Channel
Islands" 8 , as reconstructed by admixture graph methods. It is difficult to trace how these ancestral genetic components have survived in living populations, as there is a lack of dense sampling of populations with a high proportion of Native American ancestry. This also impacts our understanding of pre-colonial local scale dynamics, with only a few studies reporting a good sampling coverage for targeted regions 11, 12 .
In South America, genetic studies robustly recovered a substantial differentiation between the Andes and Amazonia, which has been framed within a model of large communities connected by gene-flow in the Andes vs. small, isolated communities in Amazonia [13] [14] [15] . This model builds on evidence for major complex societies in the Andes (culminating with the well-known but short-lived Inca empire) which fostered population movements and connections, counterbalanced by the traditional view of the Amazon basin as the homeland of small, isolated tribes. The latter view is challenged by increasing evidence of large-scale societies 16, 17 , the role of rivers as primary routes for gene-flow 12 , and the presence of important centers of plant domestication 18 . To gain a better representation of the highly diverse cultural landscape of Amazonia, a more intense archaeological effort is needed, together with a more fine-grained sampling of living and ancient human populations.
In particular, this model of South American genetic structure typically overlooks the Pacific Coast, a key context for the early migration history of the continent 19 and the cradle of the earliest complex societies in South America, from 3000 BCE 20 . Recent studies have begun to investigate human variation on the Pacific coast through aDNA [21] [22] [23] and by sampling urban areas 11, 24 , but to fill out this picture requires further, complementary genetic studies on living populations (especially from non-urban areas).
Language diversity can also be a factor shaping population relatedness. The diffusion of major language families is traditionally associated with demographic movements 25, 26 : this association was validated with genetic data for some of the largest language families of the world [27] [28] [29] , but no strong candidates are found in South America, where genetic diversity overall does not correlated with linguistic diversity 30 . Previous genetic work 31, 32 evaluated alternative models of cultural vs. demographic diffusion for Quechua, the most spoken language family of the Andes, present also in small pockets of the Amazonian lowlands 33 . These studies, based on uniparental markers, revealed intense contact routes in the southern highlands, but not in the northern regions nor in neighboring Amazonia. Relatively few genetic studies have addressed the diffusion of the main language families of Amazonia (notably Arawak, Tupí or Carib), although very recent research does focus on sub-branches or smaller families 12, 34 . Some scholars suggest a major role for cultural contact alone behind the diffusion of Arawak 35 . The particularly fragmented distribution of the three major language families across much of lowland South America 36 calls for a more fine-grained sampling to test for potential connections between their speaker populations.
Here we focus on western South America to investigate environmental and cultural influences on population genetic structure over the three ecogeographic domains: the Andes, the Amazonia 38, 39 . The timing and intensity of the European-mediated admixture has been estimated for urban, heavily admixed regions 11, 40 , but has yet to be investigated systematically across South America.
RESULTS

Continental-scale population structure
Continental ancestry structure was investigated by means of ADMIXTURE analysis. Yoruba and Spanish population samples were included to distinguish admixture from European and
African sources (Fig. 1, Fig. S2 ). The most supported value of K was 3 ( Fig. S2) highest amount of non-Native American component off to the right side of the plot. The second dimension already distinguishes the two Amazonian components, i.e. "Amazonia Core" and "Amazonia North". The third dimension in the full set separates off individuals from the North Coast who have African admixture (Fig. S3A ). The PCA with the ascertained set ( Fig. S3B ) is less influenced by the European and African signal, and is able to illustrate how the Native American structure coincides with geographical macro-areas. The first dimension separates samples from both "Amazonia North" and "Amazonia Core" from the rest of the Americas.
The second dimension separates off "Amazonia Core", the third separates the North American while the other Amazonian populations also group together. The population structure therefore corresponds to a broad division between the following macro-regions: North America, Pacific
Coast + Andes, and Amazonia, the last of which can be further divided between the proposed "Amazonia North" and "Amazonia Core" components. 
Demographic reconstructions and drift
To assess if we can distinguish different demographic trajectories for the populations considered, we analyzed Runs of Homozygosity (ROH) blocks. ROH blocks come from a shared ancestor, with their length inversely proportional to the number of generations since the split. ROH blocks that result from a recent bottleneck will tend to be longer, as there are fewer recombination events. ROH blocks are also informative about effective population size (Ne), as populations with low Ne tend to have more extended ROH than those with high Ne 42 . Here ROH blocks were divided either into two length classes as suggested by 43 ( Fig. 3) , or six bins as in a previous study of Native American populations 34 ( Fig. S5) . All of the populations have an excess of short ROH (<1.6 Mb); this excess was lower in those populations exhibiting more
European admixture (Fig. 3) . The short ROH likely reflect the strong bottleneck experienced
by the founding population of the Americas, as previously noted 34, 43, 44 . 
Recent contact from haplotype sharing networks mirrors linguistic connections
To investigate recent historical layers of contact we analyzed Identity by Descent (IBD) segments. Identical blocks between individuals correspond to shared ancestry, with longer blocks corresponding to recent shared ancestry. Fragments shorter than 5 cM are shared between almost all pairs of Native American populations (data not shown), in agreement with other studies of South American populations 11 . This diffused pattern of sharing might reflect the reduced genetic diversity of the continent from the initial founding bottleneck (resulting in a high overall level of consanguinity, see 44, 45 ). To focus on the most relevant sharing patterns, a threshold of 5cM was applied, and population pairs which shared only one fragment were not considered. Coast, where the total length of shared blocks is greater, span a longitudinal distance of almost 700 km, while sampling locations in Central-Southern Andes, where the total length of shared blocks is lower, cover a total distance of ~1000 km. We find a significant connection between populations of "Amazonia Core", which share high numbers of large blocks over a long distance (Fig. 4B ). This sharing involves speakers of Cocama (a Tupí language) in Colombia, who share long IBD blocks with individuals from Wayku and in particular with individuals from the "LoretoMix" group in Peruvian Amazonia. The LoretoMix includes three Cocama speakers, and only these three individuals share IBD blocks with the Cocama from Colombia (marked with a red asterisk in Fig. 2A ), despite a distance of more than 500km separating the two sampling locations. The strongest signal of relatedness is found between the neighboring Inga and Kamentsa populations from Colombia, who share numerous, long IBD blocks. In North America, Yaquis share many long blocks with Pima (both speaking a language from the Uto-Atzecan family), at a distance of 250 km. Finally, numerous shorter fragments are found to be shared between Amazonia and the Andes, in particular between speakers of languages within the Quechua family: Kichwa Orellana and Wayku are connected with populations of the North-East and Central-Southern Andes.
• 
Post-Columbian admixture with Europe and Africa
We examined the uniparental data (in terms of haplogroup frequencies) for a first overview of the proportion of Native vs. non-Native American ancestry in each population (Table S1 ). The typical Native American haplogroups for mtDNA are A2, B2, C1 and D1 (plus the less frequent D4h3 and X2a, the latter not present in our dataset), while for the Y chromosome they are Q and C3 1 . Fig. S8 shows that in most groups the frequency of Native American mtDNA haplogroups is 100%; the exceptions are groups from the Coast (Cao and Tumbes), which have a few individuals assigned to the African haplogroups L3 and L2 (Table S1 , marked as "others"
in Fig. S8 ). The frequency of Y chromosome Native American haplogroups is overall lower than the mitochondrial one, but it reaches 100% in all individuals in Amazonia Core, in the Central-Southern Andes and in Tallán, Narihuala, Chotuna and Eten in the Coast. Non-Native
American haplogroups (mostly R, of European origin, but also E, potentially of African origin) predominate only in Chulucanas, Tumbes, Cao, and La Jalca (Table S1 , marked as "others" in To explore the intensity and timing of post-European contact in our selection of populations we employed two methods, which date admixture based on different aspects of the data: MALDER 46 and wavelet transform analysis (WT) 47 . Both methods are applicable to admixture events involving more than two source populations. We again used Yoruba and Spanish as proxies for the African and European source populations, respectively. The results are summarized in Fig.
5.
Local ancestry along individual chromosomes was inferred using the RFMix method 48 . With Fig. S2 ). This strongly suggests a common origin and/or extensive contact, which may be associated with a coastal migration route and a colonization process from the coast inland into the highlands 5, 11, [54] [55] [56] . Previous analyses have already noted the common history of these two regions, with first settlement from around 12,000 years ago 11 .
For our second objective, on connections within and between domains, we explored signatures of demographic history and haplotype sharing patterns. The ROH variation profile of most populations from the Coast and the Andes (both North-East and Central-Southern) is consistent with a history of a relatively large population size, with some exceptions (Sechura, Narihuala, Cusco) that may have experienced isolation and drift only very recently (Fig. 3, Fig. S5 (Fig. 4) , which is not consistent with the traditional portrait of isolation between Amazonian populations. This genetic diversity complements the evidence from other disciplines that the region was also home to dynamic, non-isolated population groups 12 . In particular, the linguistic diversity of Amazonia includes not just language isolates but major, expansive language families, with farreaching geographic distributions 36 , reflecting long-range migrations of at least some speakers, and possibly major demographic expansions. There is also clear linguistic evidence for intensive interactions in convergence zones, and (more weakly) across Amazonia as a whole 64 .
We explored these potential connections by checking for gene-flow among speakers of the same language or language family. An interesting case is represented by the speakers of Cocama, a language of the Tupí family. The ROH profile for the Cocama of Colombia is lacking in long ROH segments (Fig. 3, Fig. S5 ), suggesting no recent bottlenecks or isolation. The analysis of shared IBD segments, which indicate shared ancestry through recent contact, reveals a longdistance connection between this population and geographically-distant populations of Peruvian Amazonia (Fig. 4) . In particular, three Cocama speakers included in the LoretoMix sample from Peru are slightly different from the rest of the LoretoMix sample, and genetically closer to the Cocama of Colombia ( Fig. 2A ). Archaeological and ethnohistorical evidence
indicates that the ancestors of the Cocama and Omagua were widespread in pre-Columbian times, inhabiting large stretches of the Amazon Basin and several of its upper tributaries 65, 66 .
Thus, the sharing of IBD segments as well as the lack of long ROH in the Cocama could be explained by large, widespread populations that were connected in pre-Columbian times.
Alternatively, more recent migrations could have carried the Cocama language between Colombia and Peru. Both time-frames and both scenarios suggest a parallel between genetic and linguistic history, with language acting as a preferential vector of population mobility.
Weak evidence for long-distance linguistic connections is observed not only within Amazonia, but also between Amazonia and the Andes. This is the case for Quechua-speakers of lowland (Fig. 1) . In parallel we detect a high proportion of Native American mtDNA and Y chromosome haplogroups (Fig.s S8 and S10 ). These results are in agreement with previous studies on ancestry proportions among Peruvian populations 11, 24 . Moreover, a high Native American ancestry proportion is even observed for the Coast, It is reasonable to assume that the contact with Europeans began earlier in these regions: the recent admixture dates may be describing either continuous admixture or a second, more recent pulse of admixture (not necessary from European immigrants, but also from local mestizos).
This would be compatible with the admixture profile of Peru as reconstructed by a recent study, where the major pulse of European admixture occurred during the 19th century, after the impact of the war of independence in Peru 11, 39 . Nevertheless, not all populations fit this profile of a recent admixture pulse: in "Amazonia North" and in North-East Andes (where La Jalca is the most isolated location), MALDER recovers older admixture dates, between 15 and 11 generations ago, which often overlap with the WT dates (Fig. 5) . The admixed Inga sample fits the profile of "Amazonia North", with relatively ancient admixture dates (as reconstructed by both methods), but the retrieval of a few long IBD blocks shared with Spanish (Fig. S12 ) and the overall high admixture proportions per individual ( Finally, studies of ancient DNA have shown that as much as one third of the ancestry in modern Native Americans could be traced to western Eurasia 68 . Similarly, modern-day Europeans were found to be a mixture of three ancestral populations, one of which was a population deeply related to Native Americans 69 . These findings imply that European (or more accurately, Eurasian) ancestry found in modern-day Native Americans may not have been acquired exclusively through admixture during the time of European colonization, but instead may reflect a much deeper origin. It is therefore possible that the WT method is picking up this signal of shared ancestry, which predates European colonization, and hence infers dates for some populations that are too early to be consistent with the first appearance of the conquistadors in the Americas, only after 1492.
Admixture with African sources appears with relatively older dates and shorter fragments ( (Fig. S9 ). These cases indicate some degree of isolation over the last two centuries from the admixture that occurred during the periods of Spanish colonial rule (1530s to 1820s) and of slavery (which largely overlapped), and replicate historical records for African slavery in Peru 70 . The proportion of African individuals in the population was at its peak before 1800, but declined rapidly in proportional terms during the nineteenth century. In the colonial period and indeed thereafter, the African population was heavily concentrated on the coast, where it was exploited for plantation agriculture. The decline after 1800 was proportional rather than absolute, as the proportion of both the European and the indigenous populations rise in censuses in Peru, for example. Finally, the incorporation of the African genetic component was typically mediated by European males, while during the period of slavery marriage between people of African descent was hindered by the Spanish colonial regime.
In conclusion, by targeting key regions of Western South America and focusing on high resolution SNP array data we are able to reveal demographic histories, ancient structure and recent connections between different ecogeographic domains. These connections are particularly interesting for the Amazonia, traditionally portrayed by genetic models as a region of small isolated communities.
We also note how the widely analyzed population samples from the literature, e.g. the Karitiana and Xavante, exhibit high levels of genetic drift in comparison to our newly generated dataset -see the analyses of population relationship (Fig. S4) and of within population diversity (Fig.   3, Fig. S6 ). It is important to stress that inferences on Native American prehistory should not be drawn exclusively from such divergent populations with many closely-related individuals, but should instead include more diverse populations from different regions and different cultural and demographic backgrounds, in order to capture the diversity of the continent 40, 71 .
METHODS
Sample collection
Samples were collected during anthropological fieldwork expeditions by RB and CZ (Ecuador Individual information with details on the population, language spoken and geographic grouping is listed in Table   S1 . The sample locations for each population are shown in Fig. 1 and in more detail in Fig. S1 .
Data generation and screening
The DNA samples were screened and quantified with a Nanodrop spectrophotometer and Qubit fluorometer, and visually assessed by gel electrophoresis at the laboratory of the Department corresponding to an error rate of 0.1% in the genotyping. One duplicated sample was found, probably due to mislabeling. The final screened dataset consists of 176 individuals which were included in the analysis.
Data availability
To access the genotyped data, researchers should send a signed letter to C.B. containing the following text: ''(a) I
will not distribute the data outside my collaboration; (b) I will not post the data publicly; (c) I will make no attempt to connect the genetic data to personal identifiers for the samples; (d) I will use the data only for studies of population history; (e) I will not use the data for any selection studies; (f) I will not use the data for medical or disease-related analyses; (g) I will not use the data for commercial purposes.''
Uniparental markers
Mitochondrial haplogroups were assigned with Haplogrep
75
, limiting the call to major haplogroup nodes, given the uncertainty arising from the low number of mtDNA SNPs included in the Human Origins Array. Y chromosome haplogroup assignment was performed with the yHaplo software 76 . Data was cross-checked with available published mtDNA and Y chromosome data for the same individuals, assigned via direct genotyping/sequencing in previous studies 12, 31, 53 : the SNPs available allowed the correct macro haplogroup to be detected in 97% of cases.
Merging
The newly generated dataset was merged with published Human Origins data from 9,41,69 , selected to include populations representative of North and South America and of post-colonial African and European ancestry (Yoruba, Spanish and Italian North were chosen for these analyses). Not all samples or populations were used for all analyses, as described for each analysis. Merging was performed with the mergeit command in AdmixTools 41 .
A total of 597,569 SNPs were left after merging.
Admixture analyses
We used the ADMIXTURE software 77 We ran ADMIXTURE for values of K from 3 to 12, with 10 runs per K. We checked for consistency between runs and used the cross-validation procedure implemented in ADMIXTURE to find the best value of K. Population outliers such as Pima, Karitiana and Cabécar were excluded from this analysis -only Xavante was kept as a reference for Amazonian populations. Supervised Admixture (K=3) was performed to estimate the proportion of African, European and Native American ancestry per individual, keeping Yoruba, Spanish and Xavante (the latter known to be mostly unadmixed with European and African sources) as proxies for the parental groups.
We calculated f3 statistics as a formal test for admixture, using the same European/African parent populations as suggested by the results of the ADMIXTURE analysis, and with three unadmixed Native American populations with sample size larger than 6 (Xavante for the Amazonia, Puno for the Andes, Tallan together with Sechura for the coast). The qp3Pop command from the AdmixTools package was used to run f3. For each target population, the highest f3 value was kept (corresponding to the best choice of Native American parental population among the three proposed).
Principal Component Analysis
Principal Component Analysis (PCA) was performed with smartpca of the Eigensoft package 78 . Different runs were performed with the whole dataset and with a subset of SNPs ascertained in the Karitiana (Panel 7 as identified by 41 ), consisting of 2,545 SNPs. SmartPCA was also used to calculate FST distances between populations, which were used to generate Neighbor-Joining trees in R with ape 79 .
Runs of Homozygosity and consanguinity
Runs of Homozygosity (ROH) blocks were identified with PLINK with default settings 80 . We divided ROH in each individual into two categories, long ROH (>1.6 Mb) and short to intermediate ROH (<1.6 Mb), based on the classes defined by 43 . We calculated the summed total length of ROH for each bin category for each individual.
Long ROH were then further divided for a total of six bin categories and resulting ROH profiles were used to make demographic inferences following 34 .
Phasing and Identity by Descent analysis
BEAGLE v 5.0. 81 was used to phase the data. Before phasing, invariant sites were removed and the data was split into single chromosomes. Identity By Descent (IBD) blocks were inferred with refinedIBD 82 . Three runs of phasing and IBD detection were performed for each chromosome. The runs were then merged and gaps were removed with the utility provided, allowing a maximum gap length of 0.6 cM and at most 1 genotype in an IBD gap that is inconsistent with IBD. Only blocks with a minimum length of 2cM and LOD score >3 were retained for the analysis, to avoid spurious calls and errors in block merging 82 . The number of shared IBD blocks between pairs of populations was adjusted for sample size, by dividing by the product of the number of individuals in population 1 and population 2 in the pairwise comparison. Population pairwise sharing was considered only when more than one IBD block was retrieved, to further filter out spurious population connections. For the intracontinental comparisons, we considered fragments larger than 5cM, a threshold used in previous work that has found that shorter fragments are ubiquitously shared across the entire continent 11 .
Chromopainter and Finestructure
FineStructure v2 83 was also used to identify ancestry blocks resulting from shared descent. Phased data were analyzed with Chromopainter to infer a co-ancestry matrix, followed by FineStructure for population clustering, following the standard process as described in the manual. A coancestry heatmap, a dendrogram and PCA plots were generated with the R commands provided in the package.
Dating Admixture events
Dating of admixture events was performed via two approaches. For dating with MALDER 46 , populations with low sample sizes and similar levels of admixture (as estimated with the Supervised ADMIXTURE analysis) were combined, and outlier individuals with exceptionally high level of admixture were excluded from populations in which admixture was otherwise low or absent (Sechura, Cofán, Kamentsa -see Table S1 ). MALDER assesses the exponential decay of admixture-induced linkage disequilibrium (LD) in a target group, allowing for multiple admixture events (in this case for African, European and Native American sources). We ran MALDER with Yoruba, Spanish and three Native American parental populations, following the f3 analysis scheme. Only admixture cases supported by p value<0.05 and Z score>3 were considered. For each population and for each of the Native American parental groups that passed this filtering, the pair with the highest Z score was kept.
As a second approach we used RFMix 48 to estimate local European, African or Native American ancestry along individual chromosomes, and then applied wavelet-transform analysis to the output, and used the WT coefficients to infer time since admixture by comparing the results to simulations, as described previously 47, 84 .
Time in generations ago was converted to calendar years assuming a generation time of 28 years 85 .
Data visualization and source code
All data visualization was performed in R using packages developed by [86] [87] [88] and in-house scripts. The full detail of the command line setup and R scripts can be found at https://github.com/chiarabarbieri/SNPs_HumanOrigins_Recipes/
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